The respiration rate (RR) (CO 2 production), activation energy (E a ) and Q 10 of maleic hydrazide-treated onion bulbs (Allium cepa, cv. Rouge Amposta) at 20.10 -6 mol.L -1 (MH 1 ) and 45.10 -6 mol.L -1 (MH 2 ) were measured at 4, 10 and 20ºC. Immediately after treatment, the Q 10 of MH-treated and control bulbs were not significantly different. After 8 weeks of storage, Q 10 of control and both MH-treated bulbs increased and ranged from 2.34 and 2.89. Respiration rate of onions increased during storage, and after 24 weeks, RR values of control, MH 1 and MH 2 were 0.43, 0.32 and 0.26 mmol CO 2 .kg -1 .h -1 at 20ºC respectively; and 0.26, 0.20 and 0.17 mmol CO 2 .kg -1 .h -1 at 10ºC respectively. At 4ºC, no significant difference was observed between control and MH-treated bulbs. After 24 weeks, sprouting of the control and MH 1 and MH 2 -treated bulbs was 75%, 38% and 33% at 20ºC respectively, and 50%, 22% and 17% at 10ºC respectively. At 4ºC, the sprouting level of control bulbs did not exceed 7% and was 5% for MH-treated bulbs. No difference was observed in rotting of control and MH-treated bulbs, and the low rotting observed at 4ºC could be attributed to low temperature rather than maleic hydrazide treatment.
INTRODUCTION
Immediately after harvest, onion bulbs are in a natural state of dormancy that is controlled by endogenous hormones and varies with genetic make-up of the particular cultivar. However, environmental factors particularly temperature, affect dormancy and may prolong or shorten the dormancy period. The commercial storage period for onion bulbs is characterized by the initiation of root growth and sprout elongation (Abdallah and Mann, 1963) .
During their storage, onion bulbs are exposed to environmental conditions including temperatures which can affect their physiological and biochemical parameters. Changes observed in quality attributes of stored onions are the result of high catabolism of substrates, primarily carbohydrates but may also include organic acids. Recent development in storage technologies, e.g. modified/controlled atmosphere packaging (MA/CA) and the use of rare gases (nitrous oxide, argon), require the determination of physiological parameters to predict gas exchanges of whole onion bulbs as well as the behavior of this vegetable during storage. This is especially true when sprouting control techniques such as chemical inhibitors were previously applied during growth or after harvesting using ionization, for example (Benkeblia, 2003) . Nevertheless, values for physiological parameters of onions, as for most Allium crops, including activation energy, Q 10 and their variations with chemical treatment stresses and sprouting are not readily available in the current literature.
Maleic hydrazide (1,2-dihydro-3,6-pyridazinedione) is used as a systemic plant growth regulator or inhibitor and herbicide, and has enjoyed extensive use as a commercial onion sprout inhibitor since its introduction in the 1940s'. A dilution of 9.10 -9 mol.L -1 inhibits the growth of a vast number of plants including Alliums. The effect of MH is to inhibit mitosis in the meristematic region, and plant metabolic studies have shown that, besides its many physiological side activities, MH acts as an antagonist of pyrimidine bases (Appleton et al., 1981) . These authors noted that MH is incorporated into RNA of cells where it substituted for cytosine rather than for uracil, its structural isomer. Incorporation was found to take place in the undifferentiated RNA fraction, as well as in tRNA. This fact may explain the mode of action of MH with regard to its ability to interfere with protein biosynthesis and cell growth.
With regard to plant metabolism, it has been stated that MH becomes fixed within the plant and is not metabolized, however the conversion of MH to its β-D-glucoside as the predominant soluble metabolite, with a yield of between 2 and 15%, was reported by Komossa and Sandermann (1995) . Benkeblia et al. (2002) reported that the respiration rate of MH-treated onion bulbs stored at 10 and 20°C increased less compared to control bulbs, while the MH treatment did not affect carbohydrate status during storage. Unfortunately, no data are available on the effects of MH on physiological aspects related to sprout development of onion bulbs or other vegetable crops.
The objective of this study was to investigate the effects of maleic hydrazide and different temperatures on physiological parameters of stored onion bulbs.
MATERIALS AND METHODS
Onions: Onion bulbs, Allium cepa c.v. Rouge Amposta (organic product, free of any preharvest chemical treatments), freshly harvested and dried in the field for two weeks, were obtained from the local organic produce market. Bulbs were selected for uniformity and absence of defects, packed in commercial plastic (PVC) trays each of 12 kg and placed at 18ºC during 24 h prior to MH treatment.
Chemical treatment: Onion bulbs were dipped into 20.10 -6 mol.L -1 (MH 1 ) (recommended dose in agriculture), and 45.10 -6 mol.L -1 (MH 2 ) (high stress dose) of maleic hydrazide solutions (Sigma, St Louis, MO, USA) for 15 min. Then, they were dried in a ventilated oven at 35ºC for 30 min. Control bulbs were dipped into double-distilled water for 15 min and dried under the same conditions (35°C for 30 min).
Storage conditions: Immediately after treatment, onions were stored at three combinations of temperature and relative humidity: 4ºC and 85% RH, 10ºC and 80% RH and ambient conditions of 20ºC and 65% RH.
Respiration rate measurement:
Respiration rate (RR) was determined by the glass jar technique (Benkeblia et al., 2000) . At specific time intervals (after 1, 2, 3 and 5 h), gas samples (50 µL) were taken through a silicone septum and analyzed by a gas chromatograph (model M200, Microsensor Technology Inc., Fremont, CA, USA). The analyzer involved two manifolds: one fitted with a MS-5A, 4 m capillary column set at 80°C with argon as carrier gas at a flow rate of 20 ml. min -1 , and the other fitted with a capillary Poraplot 4, 6 m column set at 30°C with helium as carrier gas at a flow rate of 30 ml min -1 . Both manifolds were coupled to a thermal conductivity detector (TCD). Under such conditions, argon does not interfere with O 2 peak. Rubber gaskets and silicone septa on the jars were changed after each experiment to prevent any air leakage. Respiration rate (RR) was calculated by linear regression from CO 2 depletion curve and expressed as mmol.kg -1 .h -1 . The mean value of respiration rate was determined from triplicate measurements (3 jars each containing 1 kg of onion).
Ethylene measurement: Ethylene was measured by a gas chromatograph (Delsi 200 model, IGC Instruments, Saulx les Chartreux, France) equipped with a flame ionizing detector at 110 °C and fitted with an activated alumina column (2m x 4mm, Altech, Deerfield, IL, USA) operated at 90°C. The carrier gas was N 2 with a flow rate of 30 mL.min -1 and the integrator was an Intersmat.ICR. 1B (IGC Instruments, Saulx les Chartreux, France).
Anaerobic respiration rate measurement (fermentative index):
Anaerobic respiration rate (fermentative index or FI) was measured according to the method of Benkeblia et al. (2000) . Anoxia was obtained under the following conditions: onion bulbs were placed in 2 L jars which were flushed with pure nitrogen (N 2 ). The final gas composition within the flushed jars was checked with a gas chromatograph and averaged from 99.5 to 99.7 kPa N 2 , and less than 0.2 kPa O 2 . At specific time intervals (after 3, 6, 12, 24 and 48 hours), gas samples (50 µl) were taken from the vessels through a silicone septum and analyzed by a gas chromatograph (model M200, described above). The fermentative index (FI) was calculated by linear regression from CO 2 depletion curve and expressed as mmol.kg -1 .h -1 . The mean value of FI-CO 2 was determined from triplicate measurements (3 jars each containing 1 kg of onion).
Measurement of ethanol production: Ethanol production was measured by a gas chromatograph (DI.121FL model, IGC Instruments, Saulx les Chartreux, France) fitted with a Porapack T column (4 mm x 2 m, Alltech, Deerfield, IL, USA) set at 100°C, and equipped with a flame-ionizing detector operating at 150°C. The carrier gas was N 2 with a flow rate of 30 ml.min -1 , and the integrator was an Intersmat (model ICR-1B, IGC Instruments, Saulx les Chartreux, France). A sample of 100 µl of a standard solution of ethanol (10 -4 mol.L -1 ) was injected prior the analysis. The production of ethanol was compared with a standard solution considering the volume of the vessels and time. Ethanol production was calculated using the same equation of the fermentative index and expressed as pmol.kg -1 .h -1 . The mean value of ethanol production was determined from triplicate measurements (3 jars each containing 1 kg ofonion).
E a and Q 10 calculation -Activation energy (E a ) calculated as described by Labuza (1980) The respiration rate at 0ºC (RR 0 ) was calculated by extrapolation from the b coefficient by the following equation:
Statistical analysis: Experiments were carried out during two successive years and all experiments were done in triplicate. Data were analyzed statistically by determination of least significant difference (LSD at P < 0.05) using Statistica 5.0 software (StatSoft, Maisons-Alfort, France).
RESULTS AND DISCUSSION
The effect of maleic hydrazide and temperature on respiratory parameters of fresh onions is reported in table 1. The respiratory quotient (RQ = ratio between CO 2 production and O 2 consunption whatever the pre-treatment and temperature) of onion bulb averaged from 0.84 to 0.90 at 20ºC (data not shown). The ethylene production of onion is low compared with other vegetables, ranging from 40 to 48 nmol.kg -1 .h -1 . According to Kubo et al. (1990) , the sensitivity of onions to ethylene is very low and its production is less than 100 nmol.kg -1 .h -1 .
The CO 2 fermentative index of onion was between 0.13 and 0.15 mmol CO 2 .kg -1 .h -1 measured 6 h after closing the jars. The ethanolic fermentative index was very low compared with other crops, and averaged 0.77 pmol.kg -1 .h -1 . Aerobic and anaerobic catabolism of onion bulb is rather moderate or low compared with other vegetables since the respiration rate is no more than 0.5 mmol.kg -1 .h -1 (Weichmann, 1987) . The same comment could be made on the fermentative index of onion which is low compared with other plants e.g. FI of asparagus is 1.08 mmol CO 2 .kg -1 .h -1 at 18ºC (Peppelenbos et al., 1996) .
The immediate and after two months effects of maleic hydrazide on respiratory parameters of bulbs are shown in tables 2 and 3. A non-significant difference was observed for Q 10 of MH 1 -treated and control bulbs, but for MH 2 -treated ) ln( ) 273 ( Van der Berg and Lentz (1972) noted that Q 10 values of onion bulbs varied during storage; the Q 10 value was 2.5 after two months and 3.5 after six months of storage with a subsequent increase in respiratiory heat production which is significantly affected by temperature during storage.
During storages, the respiration rate of control and MHtreated bulbs increased and showed a similar pattern , however increasing of control RR was more marked than that of MHtreated onions (figures 1A, B and C). After 12 weeks of storage, the RR CO2 values were 57%, 31% and 26% higher at 20ºC, and, 58%, 25% and 8% higher at 10ºC for control, MH 1 and MH 2 -treated onions respectively. After 24 weeks, these values were 128%, 68% and 37%, at 20 ºC, and, 116%, 81% and 70% at 10ºC respectively. The average rates of increase in respiration during the 24 weeks were determined These results agree with other previous investigations. Salama and Hicks (1987) reported an increase in respiration rate of bulbs treated with maleic hydrazide but this increase was lower than observed in control bulbs. Similar results were reported by Kato (1970) and Ward and Tucker (1976) , and the former noted that the increase in respiration rate of bulbs depended on the severity of the initial stress caused by MH. Benkeblia et al (2002) also noted that RR of MH-treated onion bulbs increased after six months from 0.17 to 0.20 and 0.26 mmol.kg -1 .h -1 at 10 and 20°C respectively.
During storage at 10 and 20ºC, sprouting of onion bulbs was visible after 6 and 10 weeks, whereas at 4ºC, sprouting was visible only after 16 weeks. After 24 weeks, sprouting of the control bulbs was 50 and 75% at 10 and 20ºC respectively (figures 2A and B) . At the same temperatures, sprouting of treated bulbs was 22 and 38% for MH 1 , and 17 and 33% for MH 2 . This indicates that intermediary temperatures seemed more favorable for the sprouting of onion bulbs regardless of the chemical treatment applied.
On the other hand after 24 weeks at 4ºC, the sprouting level of control and MH-treated bulbs was very low, ranging from 5% (treated bulbs) and 7% (control) without any significant difference (data not shown).
N. BENKEBLIA Effects of MH on sprout inhibition of onion bulbs have been extensively investigated (Isenberg and Ferguson, 1981; Nawaz et al., 1988; Sinha et al., 1994) . However, other factors can affect or induce the sprouting of the bulbs during storage, e.g. maturity of the bulbs at harvesting (Tucker and Morris, 1984) , dry matter and carbohydrate content (Rutherford and Wittle, 1984) and cultivar (Miedema, 1994; Benkeblia, 1999 ). An effect of maleic hydrazide on rotting was less visible and the low attacks observed at 4 and 10ºC could be attributed to the low temperature, which inhibit fungal and bacterial propagation (figures 3A, B and C). Statistically no significant difference was observed between control and MH-treated bulbs; except at 4 and 10ºC where a significant difference was observed between control and MH 2 -treated bulbs.
Rotting of onion bulbs during storage is caused by numerous bacteria and fungi species (Snowdon, 1991) , and post-harvest diseases may place a major restriction on the long-term storage of onions. Reported results on rotting of onions during storage vary considerably, however there is clear evidence that cultivation methods and pre-harvest factors contribute largely to the post-harvest diseases of bulbs during storage (Maude, 1983; Schwartz and Mohan, 1995) Finally, it is concluded that maleic hydrazide shows a marked effect on physiological parameters of onion bulbs particularly after 2 months storage when variations of measured parameters are significant and more visible. The knowledge of these physiological parameters could permit the prediction of gas exchanges of stored onion bulbs particularly under modified or controlled atmosphere. However, further investigations are needed to determine the effect of maleic hydrazide on catabolic pathways involved in sprouting of onion bulbs especially on carbohydrates which are essential for storage of onions as well as all other crops.
